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The fluorescence and fluorescence-excitation spectra of doped benzo[flquinoline (BQ) during the sol-gel-
xerogel transitions of two reaction systems of mixed alkoxides that were catalyzed by HCl and NaOH (or NH3)
have been observed as a function of time. The mixed alkoxides were comprised of tetraethyl orthosilicate (TEOS)
and diisobutoxyaluminum triethyl silicate (SAE) (Si: A1=10:0 and 9:1). During the reaction, it was found
that BQ forms three different fluorescent species, neutral, protonated, and an ion pair. The neutral form was
seen in the first stage of the reaction and emitted a structured fluorescence. The protonated form appeared in
the next reaction stage and it gave a broad and structureless band with a peak around 440 nm. The ion-pair
form, produced from BQ and an —-OH group of —O-Si—O- and/or —O-Si—~O-Al-O- networks, appeared in the
last stage of the reaction and its fluorescence peak was located at around 400 nm. The ion pair could not be
detected in solutions, but it was found in the xerogel state. The appearance and disappearance of the three
species of BQ reflect the condition of microenvironment around the doped BQ during the sol-gel reaction of the
TEOS and TEOS+SAE systems. Therefore, the measurements of the fluorescence spectra of BQ are useful for
the photophysical investigation on the sol-gel-xerogel transitions of systems containing metal alkoxides such as

TEOS and TEOS+SAE.

An active direction for new material chemistry is
a low temperature method of synthesizing inorganic
glasses by the sol-gel process.!™ The advantages of
room-temperature incorporation of functional dyes into
the glass network through the sol-gel process suggest
many possibilities for new photonic materials.>~® The
sol-gel process has a number of distinct advantages, for
example, it enables one to prepare glass matrices at
a low temperature that have a high purity; it is also
adaptable to producing bulk pieces as well as film and
fibers, etc. However, the process also has a number of
disadvantages from the standpoint of preparation of in-
organic materials. Some of the disadvantages, such as
the large shrinkage associated with the gelation process
and drying of the gels, etc. Mackenzie® has pointed out
that the most serious problem in any application of the
sol-gel process is the lack of the scientific understand-
ing of many complexities associated with the process at
present.

In previous papers we showed that the observation of
the fluorescence spectra of 1-naphthol, a proton donor,
is a useful photophysical probe on a molecular level for
studying the sol-gel process using tetraethyl orthosili-
cate (TEOS)'® and mixed alkoxides comprising TEOS
and diisobutoxyaluminum triethyl silicate (SAE).'!1?
The results showed that the sol-gel reaction for system
including TEOS and SAE proceeded more rapidly than
that for systems including TEOS. Since silica—alumina
and zeolites are well-known and important acid cata-
lysts, the results have been discussed in connection with
the effect of Si+ Al composition, structural change, and
acidity of the prepared gels.'0—%

Here we report the fluorescence and fluorescence-ex-
citation spectra of benzo[f]quinoline (BQ, a proton ac-
ceptor) during the sol-gel-xerogel transitions of mixed

alkoxides comprising TEOS and SAE (Si: Al=10:0 and
9:1, abbreviated systems A and B, respectively). The
incorporated molecules are also important as photo-
physical probes for elucidating the structural evolution
of glass as it-evolves from sol to gel to xerogel during the
sol-gel process. BQ is a weak base in its ground state
with the pK,s of their conjugated acids being 5.1.14—17
The pK,* value of its lowest excited singlet state has
been reported to be around 11 for BQ.!*—!7 These val-
ues indicate that BQ is relatively stronger base in its
lowest excited singlet state. Therefore, BQ is a suit-
able probe for photochemical and photophysical proc-
esses that result from the interaction between BQ and
its surrounding proton-donating molecules and/or ma-
trix which may be produced during the sol-gel reaction.
Based on the experimental findings, we discuss the re-
lationship of fluorescence spectra and species of BQ in
the ground and excited states. The structural evolution
around doped BQ during sol-gel-xerogel transitions is
also discussed.

Experimental

Benzo[f]quinoline (Wako Pure Chemical Industries, Inc.,
JIS S grade), hydrochloric acid (Wako, JIS S), sodium hy-
droxide (Wako, JIS S), ammonia (Wako, JIS S, 28%), etha-
nol (Wako, JIS S or S. S. G. grade), cyclohexane (Wako, Lu-
minasol grade), fluorosulfuric acid (FSOsH, Wako), TEOS
(Wako), and SAE (Dynamit Nobel) were used without fur-
ther purification. Water was deionized and distilled.

The starting solutions of system A contained 11.4 mL of
BQ in ethanol (1.69x10™* M (1 M=1 moldm™3)), 10 mL
of TEOS, and 3.7 mL of 1x10~* M HCI (A-HCI) or 1x10™*
M NaOH (A-NaOH) as a catalyst. Whereas, the starting
solutions of system B consisted of 10.0 mL of BQ in etha-
nol (9.45x107° M), 10 mL of TEOS+SAE mixed alkoxide
(Si: Al=9:1), and 0.1 mL of 0.2 M HCl (B-HCl) of 14.7
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M NHs (B-NHs) as a catalyst. Syneresis was observed in
system A after it was catalyzed by NHs making it impos-
sible to observe reasonable emission spectra in the middle
stage of the sol-gel reaction; therefore the results were not
reported here. The mixtures were thoroughly stirred and
then poured into individual plastic cells. They were covered
by a thin polymer film with five pinholes and allowed to un-
dergo the sol-gel-xerogel reactions at room temperature un-
der dark (or weak light) condition. The concentrations for
the fluorescence and fluorescence-excitation measurements
in solution were of the order of 1075 M. The emission spec-
tra were observed using a Shimadzu RF-5000 fluorescence
spectrophotometer with the surface emission method. The
data were transferred to an NEC PC-9801 microcomputer
for processing.

Results

Fluorescence and Fluorescence- Excitation
Spectra of BQ in Typical Solvents. The fluo-
rescence spectra of BQ in cyclohexane, ethanol, 0.2 M
NaOH, H,0, and 1.7 M FSO3H are shown in Fig. 1.
Except for H,O, none of the spectra exhibited excita-
tion wavelength dependence. The spectrum observed
in cyclohexane shows fine vibrational structures and is
located at the shorter wavelength (higher energy) side
than the others. Although the peak location exhibits a
small red shift compared to that observed in cyclohex-
ane, the spectrum observed in ethanol essentially main-
tains the spectral features observed in cyclohexane. The
spectrum observed in 0.2 M NaOH showed less struc-
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Fig. 1. Fluorescence spectra of BQ in cyclohexane (1),

ethanol (2), 0.2 M NaOH (3), H2O (4), and 1.7 M
FSOsH (5). Excitation wavelength: 320 nm.
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tured fluorescence; however, its spectral features were
similar to those observed in ethanol, even though indi-
vidual vibrational bands became more diffuse. In addi-
tion to the structured fluorescence band, BQ shows a
broad and structureless fluorescence band in HoO and
1.7 M FSO3H. Although the results are not shown here,
the spectrum excited at 360 nm in H,O showed only a
broad band. The peak wavelength of the broad fluo-
rescence was found at 440 nm in 1.7 M FSO3H. These
spectral features of BQ are essentially the same as re-
ported by Marzzacco et al.'” Hereafter we abbreviate
the structured fluorescence spectrum typically observed
in cyclohexane and ethanol to FN and the broad fluo-
rescence spectrum typically observed in 1.7 M FSO3zH
to FP.

The fluorescence-excitation spectra of BQ in cyclo-
hexane, ethanol, 0.2 M NaOH, H20O, and 1.7 M FSO3H
are shown in Fig. 2. Except for HyO, none of the
spectra exhibited excitation wavelength dependence.
They consist of two characteristic spectra: One is ob-
served in cyclohexane, and the other is observed in 1.7
M FSOzH. Although the vibrational structures were
somewhat broad, similar fluorescence-excitation spec-
tra were observed in ethanol and 0.2 M NaOH. On the
other hand, the spectrum observed in H,O and 1.7 M
FSO3H shows a broad and structureless band with its
peak wavelength located at 360 nm. It should be noted
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Fig. 2. Fluorescence-excitation spectra of BQ in cy-
clohexane (1), ethanol (2), 0.2 M NaOH (3), HO (4),
and 1.7 M FSOsH (5). Monitored at 400 nm for (1),
(2), and (3), and 450 nm for (4) and (5).
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that the relative intensity of the broad band monitored
at 500 nm in HyO increased.

Fluorescence and Fluorescence- Excitation
Spectra of BQ during the Sol to Gel to Xero-
gel Transitions. Figure 3 shows the fluorescence
spectra of BQ during the sol-gel—xerogel transitions of
system A-HCI as a function of time. Just after mixing,
the fluorescence spectrum shows fine vibrational struc-
tures and the peak wavelengths are located at 351, 367,
and 386 nm. This spectrum essentially corresponds to
that observed in ethanol. It took 142 h for gelation.
At the gelation time, the spectrum was comprised of
two characteristic spectra: One was the FN and the
other the FP. The relative intensity of FP to that of
FN increased gradually with a lapse of time. After 542
h, the reaction system having a wet gel state mainly
gave the FP emission. The fluorescence intensity of FN
compared to that of FP became very weak after 9300
h. It should be noted that FP shifted slightly to blue
and that a shoulder (ca. 400 nm) at the blue side of FP
appeared in the last stage of the reaction (xerogel state
after 2557 h). The observed fluorescence spectrum of
BQ in 1.7 M FSO3H showed a peak at 440 nm (line
5 in Fig. 1); however, the peaks observed during the
xerogel transition from the wet gel state were located
at 430, 426, and 423 nm after 542, 2557, and 9300 h,
respectively.

intensity

Relative

500
A/hm

Fig. 3. Fluorescence spectra of BQ in system A-HCl
during the sol-gel—xerogel transitions: after 1 h (1),
142 h (2), 542 h (3), 2557 h (4), and 9300 h (5).
Excitation wavelength: 320 nm.
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The fluorescence-excitation spectra of BQ during the
sol-gel—xerogel transitions of system A-HCI are shown
in Fig. 4 as a function of time. Just after mixing, the
spectrum shows fine vibrational structures that peaked
at 315, 330, and 346 nm. This spectral feature is similar
to that observed in ethanol and 0.2 M NaOH; however,
an additional band around 370 nm. The band intensity
increased with a lapse of time as shown in Fig. 4. The
fluorescence excitation band around 370 nm became the
main component after 542 (the wet gel state), 2557,
and 9300 h (the xerogel state). The excitation band
observed after 9300 h is similar to that observed in 1.7 M
FSO3H in the spectral shape. The band peak in 1.7 M
FSO3H is located at 360 nm. The peaks of fluorescence-
excitation spectra for the wet gel-the xerogel transition
are located at 370, 370, and 374 nm after 542, 2557,
and 9300 h, respectively.

Figure 5 shows the fluorescence spectra of BQ during
the sol-gel-xerogel transitions of system A-NaOH as
a function of time. The gelation occurred after 91 h.
The whole spectral change during the sol-gel reaction
is similar to that observed in system A-HCl. FN is
the main fluorescent component in the first stage of the
reaction. The intensity of FP gradually increased, and
the FP band became the main fluorescent component
after 542 h. In addition, the blue shift of FP and the
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Fig. 4. Fluorescence-excitation spectra of BQ in sys-
tem A-HCl during the sol-gel—xerogel transitions: af-
ter 1 h (1), 142 h (2), 542 h (3), 2557 h (4), and 9300
h (5). Monitored at 400 nm for (1) and (2), and 450
nm for (3), (4), and (5).
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Fig. 5. Fluorescence spectra of BQ in system A-NaOH

during the sol-gel-—xerogel transitions: after 1 h (1),

91 h (2), 542 h (3), 2557 h (4), and 9300 h (5). Ex-
citation wavelength: 320 nm.

appearance of a shoulder at ca. 400 nm was observed in
the xerogel state.

The fluorescence-excitation spectra of BQ during the
sol-gel-xerogel transitions of system A-NaOH as a func-
tion of time are shown in Fig. 6. The whole spectral fea-
tures change during the sol-gel reaction is also similar
to that observed in the A-HCI reaction system.

Figure 7 shows the fluorescence spectra of BQ dur-
ing the sol-gel-xerogel transitions of system B-HCI as
a function of time. Just after mixing, it is noted that
the FP band already became the major band in the
first stage of the reaction. The spectrum comprises two
characteristic bands, FN and FP. FN shows fine vibra-
tional structures with peak wavelengths located at 351
and 367 nm. The gelation occurred after 80 h. The in-
tensity of FP relative to that of FN increased rapidly as
the sol-gel-xerogel reactions progressed. After 5 h, the
intensity of FP became the main fluorescence. On the
other hand, the fluorescence spectrum observed at the
gelation time shifted to blue compared with that ob-
served at 5 h. The fluorescence spectra further shifted
to blue after 800 h, and the peak was located at 414
nm. The appearance of a new band (abbreviated to
the FI band) around 400 nm resulted in the blue shift.
A similar blue shift was also observed in Fig. 3. After
2000 h, in the xerogel state, the peak shifted to red at
423 nm. The new peak at 400 nm was observed after
80 h.

Fluorescence of Benzo[f]quinoline during Sol-Gel Process of Si—Al Systems

2177

intensity

Relative

1
350 400

A/nm

Fig. 6. Fluorescence-excitation spectra of BQ in sys-
tem A-NaOH during the sol-gel-xerogel transitions:
after 1 h (1), 91 h (2), 542 h (3), 25657 h (4), and 9300
h (5). Monitored at 400 nm for (1) and (2), and 450
nm for (3), (4), and (5).

The fluorescence-excitation spectra of BQ during the
sol-gel-xerogel transitions of system B-HCI as a func-
tion of time are shown in Fig. 8. Just after mixing, the
spectrum shows no vibrational peaks and has a broad
peak at 365 nm in contrast to systems A. This excita-
tion band is similar to that observed in 1.7 M FSO3zH
as shown in Fig. 2 and the xerogel states as shown in
Figs. 4 and 6. During the sol-gel reaction, the broad
excitation band around 365 nm became broader but re-
tained the main band.

Figure 9 shows the fluorescence spectra of BQ dur-
ing the sol-gel-xerogel transitions of system B-NHj3 as
a function of time. Just after mixing, the fluorescence
spectrum shows fine vibrational structures at 351, 367,
and 386 nm. This spectrum corresponds to FN as shown
in Figs. 1, 3, and 5. The gelation occurred after 134 h.
The whole spectral change in the sol-gel reaction is sim-
ilar to that observed in system B-HCI, except for the
appearance of FN after 1 h. FN was the main fluores-
cent component in the first stage of the reaction. The
intensity of FP increased rapidly and after 5 h the FP
band became the main fluorescent component. After
134 and 800 h, the peak shifted to blue. After 2000 h,
the band peak shifted to red. These blue and red shifts
are similar to those observed in system B-HCI as shown
in Fig. 7. The peaks are located at 434, 426, 418, and
425 nm after 5, 134, 800, and 2000 h, respectively.
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Fig. 7. Fluorescence spectra of BQ in system B-HCI
during the sol-gel—xerogel transitions: after 1 h (1), 5

h (2), 80 h (3), 800 h (4), and 2000 h (5). Excitation
wavelength: 320 nm.

The fluorescence-excitation spectra of BQ during the
sol-gel-xerogel transitions of system B-NHj3 as a func-
tion of time are shown in Fig. 10. The whole spectral
change during the sol-gel reaction was also similar to
that observed in system B-HCI as shown in Fig. 8.

In addition to the results shown in Figs. 3 to 10,
we also observed the fluorescence and fluorescence-
excitation spectra of BQ at different excitation and
emission wavelengths during the sol-gel-xerogel tran-
sitions for systems A and B as a function of time. Al-
though the individual fluorescent components appeared
in the fluorescence spectra and the individual absorp-
tion components in the fluorescence-excitation spectra
were different to a certain extent, the overall spectral
profile was essentially the same as those presented in
Figs. 3, 4, 5, 6, 7, 8, 9, and 10. Figure 11 shows an
example of wavelength dependence observed in the flu-
orescence-excitation spectra of BQ during the sol-gel-
xerogel transitions of system A-HCI as a function of
the time. Both spectra comprise two components: One
has sharp vibrational structures and the other a broad
band around 365 nm. It is obvious that the spectra
observed at 400 nm show fine vibrational bands more
than those observed at 450 nm. This difference corre-
sponds to the different contributions to the fluorescence
intensities at 400 and 450 nm from the FI and FP bands,
respectively. It is noted that the fluorescence-excitation
spectra observed after 9300 h was emission wavelength
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Fig. 8. Fluorescence-excitation spectra of BQ in sys-
tem B-HC! during the sol-gel-xerogel transitions: af-
ter 1 h (1), 5 h (2), 80 h (3), 800 h (4), and 2000 h
(5). Monitored at 450 nm.

dependent. This dependence indicates that the molecu-
lar species that emit the FI and FP bands are ascribed
to the different species in both the ground and excited
states.

Discussion

Molecular Species of BQ during the Sol-Gel—
Xerogel Transitions. The spectral features ob-
served at the first stage of the sol-gel reaction (lines
1 in Figs. 3, 5, and 9) are very similar to the fluores-
cence spectrum of BQ in ethanol (line 2 in Fig. 1). The
fluorescence-excitation spectrum of BQ in ethanol and
those observed at the first stage of the reaction usually
have the fine vibrational structures located at ca. 330
and 345 nm. The absorption band at 345 nm in cy-
clohexane can be assigned to that of the neutral form
of BQ. Although the vibrational band both in ethanol
and in the first stage of the sol-gel reaction are not so
sharp compared to that in cyclohexane, the nature of
the ground and excited states of BQ can be regarded
as the neutral form of BQ. As a result, FN can be
assigned to a fluorescence originated from the neutral
form of BQ. The fluorescence-excitation spectra ob-
served in ethanol, 0.2 M NaOH, H,0, and in the first
stage of the sol-gel reaction are somewhat broader than
that observed in cyclohexane. This broadness indicates
that there is some intermolecular interaction between
BQ and the surrounding polar solvents.
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Fig. 9. Fluorescence spectra of BQ in system B-NHs
during the sol-gel-xerogel transitions: after 1 h (1), 5
h (2), 134 h (3), 800 h (4), and 2000 h (5). Excitation
wavelength: 320 nm.

BQ acts as a proton acceptor at the nitrogen atom,
and FSO3H is a strong proton donor. The broad and
structureless fluorescence band (the FP band) is as-
signed to originate from the protonated form of BQ,

because in its excited singlet state of BQ is a stronger

proton acceptor than in its ground state.!”

Ion pairs are frequently involved as intermediates in
organic reactions.'® Shizuka et al. studied the fluores-
cence spectra of a hydrogen-bonded system between 1-
naphthol and an aliphatic amine in nonpolar rigid ma-
trices at 77 K.'® The fluorescence spectrum originated
from the contact ion-pair state of naphtholate anion
with protonated amine excited in the blue side com-
pared to that of the separated one by means of nanosec-
ond time-resolved emission spectroscopy. Recently, we
found that some of doped 1-naphthol molecules in the
ground state form a contact ion-pair on the surface in
cages of the xerogels prepared from TEOS and SAE
(Si: Al=94:6).!? In addition to this, the excited-state
species having a ground-state ion-pair structure gave
the fluorescence originating from both the contact ion
pair and an anionic form. This spectral behavior shown
for 1-naphthol during the sol-gel-xerogel transitions is
similar to the results obtained in the present work.

Based on the above results, we can interpret the
ground-state species of BQ observed in the fluorescence
and fluorescence-excitation spectra during the sol-gel—-
xerogel transitions as follows. The broad band around

Fluorescence of Benzo[f]quinoline during Sol-Gel Process of Si-Al Systems

2179

Relative intensity

]
350 400
A/nm

Fig. 10. Fluorescence-excitation spectra of BQ in sys-
tem B-NHj3 during the sol-gel-xerogel transitions:
after 1 h (1), 5 h (2), 134 h (3), 800 h (4), and 2000
h (5). Monitored at 400 nm for (1), and 450 nm for
(2), (3), (4), and (5).

365 nm in the fluorescence-excitation spectra is con-
cluded to be originated from the ion pair of BQ in the
solutions and xerogel state. Upon excitation in solu-
tions, the ion pair is able to relax to a solvent-separated
or a protonated form during their fluorescence lifetime
and emit FP. The geometrical relaxation is gradually
hindered with increasing rigidity around the doped BQ
as the sol-gel reaction progresses. As a result, the un-
relaxed conformation, namely the contact ion-pair con-
former is produced resulting in the emission of FI. A
further discussion will be given in the next subsection.

Origin of the Protonated Species During the
Sol-Gel-Xerogel Transitions.

The results shown in Figs. 3, 5, 7, and 9 indicate that
the molecular species which emits the FP is generated
in the reaction systems at the first stage of the sol-
gel reaction. The intensity of FP increases significantly
during the sol to wet-gel process (e.g. line 2 in Fig. 3)
and the wet-gel to xerogel process (e.g. line 3 in Fig. 3).
Just after preparation of the reaction system, FP is not
clear (e.g. line 1 in Fig. 3) especially for the following
systems A-HCl, A-NaOH, and B-NH3;. FP becomes
dominant after beginning of the sol-gel reaction in all
systems except for system B-HCI.

In the case of Si(OR)4, for example, the whole sol-
gel reaction is written as
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Fig. 11. The fluorescence-excitation spectra of BQ in

system A-HCI during the sol-gel—xerogel transitions:

after 1 h (1 and 3) and 9300 h (2 and 4). Monitored
at 400 nm (1 and 2) and 450 nm (3 and 4).

mSi(OR)s + 2mH,0 — (-0-8i-O-),m + 4mROH (1)

where R is an alkyl group (an ethyl group for TEOS).
The sol-gel reaction is characterized by two reaction
steps. The first step is the hydrolysis reaction written
as

Si(OR), + zH,0 — Si(OR),__(OH), + zROH  (2)

where £=1—4. The second step of the reaction is step-
wise polycondensation by dehydration

(OH),—1(OR)4—5—Si — O-Si~(OR)4—z(OH)z_;
+H-0, etc. (3)

It was observed that HoO molecules are consumed by
the hydrolysis of silicon alkoxide and simultaneously,
alcohol and silanol groups are generated by the reac-
tion Eq. 2, the hydrolysis step. During the reactions,
the volatile molecules generated, (alcohol and water
molecules) escape from the reaction cell through the
pinholes. It is obvious that there is no silanol group
in the reaction system before the beginning of the hy-
drolysis reaction Eq. 2. Therefore, the formation of
the silanol groups generated by the reaction step (2)
results in the complex formation between the silanol
groups and BQ molecules in the ground state, that is,
FP originates from the excitation of the ground state
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complex. The ratio of the intensity of FP to that of FN
increases as the sol-gel reaction progresses, reflecting
an increase in the silanol group in the reaction systems.
Figure 12 illustrates the formation of a molecular form
which emits FP with increasing polarity along with hy-
drolysis of TEOS in the first stage of the sol-gel reac-
tion.

With the progress of the sol-gel reaction, the reac-
tions Egs. 2 and 3 are nearly completed. Escape of
the generated alcohol and water molecules from the re-
action system accompanies the completion of the gel
structure. Under these circumstances, BQ molecules
are placed into small pores of the gel structure and
hydrogen bonded with the surrounding silanol groups.
The photoexcitation of the BQ complex would relax
their geometries under the nonprohibited condition. In
fluid solutions, the geometrical relaxation of the hydro-
gen-bonded complexes is possible resulting in the flu-
orescence spectrum from the excited protonated state
around 440 nm (see Fig. 1). On the other hand, the
geometrical relaxation of the hydrogen-bonded BQ com-
plexes would be restricted in the cage of the pore struc-
ture of the xerogel. Therefore, the species of the un-
relaxed geometrical state, that is the ion pair between
BQ and the surface silanol groups, emits fluorescence
around 400 nm. Figure 13(a) illustrate a possible ge-
ometry of the ion pair formed between BQ and surface
silanol groups with gel prepared by systems A in the

Et(IJ
EtO-'SIi—O-H-"-
E+O
Fig. 12. Formation of the FP species with increasing

polarity along hydrolysis of TEOS in the first stage
of the sol-gel reaction.

; !

¢ ;

Si Si
ZIN 1N

(a) (b)

Fig. 13. The geometries of the ion pair formed be-
tween BQ and gel surface prepared by (a) systems A
and (b) systems B.
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xerogel state.

Effect of SAE on the Sol-Gel-Xerogel Tran-
sitions. The appearance of the FP component in
systems B is faster than in the systems A. The appear-
ance of the FI component in systems A was confirmed
at 2557 h, whereas the appearance in system B-HC] was
confirmed at 80 h (in system B-NHgs, at 134 h). These
differences indicate that the reaction constant of sys-
tems B (Si: A1=9:1) is faster than that of systems A
(Si: A1=10:0). The clear appearance of the FI com-
ponent at relatively shorter time ranges in systems B
indicates that the molecular motion during the fluores-
cence lifetime of the doped BQ in systems B is more
restricted than that in systems A. Although the results
were not shown here, the gelation time for systems A
and B was not largely affected by the change of the
amount of catalysts used. The amount of catalyst con-
tained in system A was much larger than that in system
B. This different is considered to be not essential fac-
tor affecting the difference of the reaction rates between
systems A and B. These differences would be caused by
the rapid reaction constant of SAE. As a result of the
different reaction constants between systems A and B,
the properties of the prepared gels, for examples, the
pore size, surface area, and acidity, etc. are found to
be different between systems A and B. As shown in
Figs. 7 and 9, the fluorescence spectra for systems B
showed blue shift after 800 h. However, after 2000 h,
the spectrum shifted to the red and this fluorescence
band is substantially identical with that of systems A.
Figure 13(b) illustrate a possible geometry of the ion
pair formed between BQ with gel surface prepared by
systems B in the wet gel to the xerogel state. It is ex-
pected that the geometry in the last stage of systems
B may be similar to that shown in Fig. 13(a). Studies
of the detailed effect of the sol-gel reaction of mixed
alkoxide on the appearance of FN, FP, and FI are in
progress.2®
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